The effect of Ca2" upon the rate constant of force redevelopment following a period of isotonic shortening with immediate restretch to the starting sarcomere length was studied in rabbit psoas fibers at 5TC. Control experiments support the assumption that the rate constant of force redevelopment represents isometric cross-bridge turnover kinetics.
containing filaments, mediated by parts of the myosin molecules, termed cross-bridges. According to the cross-bridge model of Huxley (1) , while hydrolyzing ATP, cross-bridges cycle between two states: a force-generating state in which cross-bridges are attached to actin and a non-forcegenerating state in which cross-bridges are detached from actin. In vertebrate striated muscle, cross-bridge action is controlled by Ca2 + through the regulatory proteins troponin and tropomyosin, which are located within the actin filaments (2) . According to the cross-bridge model of Huxley (1) , the increase in isometric force with Ca2" (e.g., ref. 3 ) is attributed to the increase in number of cross-bridges attached to actin in the force-generating state, whereas relaxation occurs when cross-bridges accumulate in the nonforce-generating state. Two mechanisms were proposed for Ca2 + activation to change the number of cross-bridges in the force-generating state. According to Podolsky and Teichholz (4) , Ca2+ acts in an all-or-none fashion. Depending on the state of the regulated actin units, cross-bridges may either be cycling with fixed turnover kinetics or may not cycle at all; i.e., cross-bridges are switched in and out of the turnover process (simple "on/off switch" or "recruitment"). In this model, the increase in isometric force directly reflects the increase in the number of turning-over cross-bridges. Alternatively, Julian (5) proposed that Ca2+ changes cross-bridge turnover kinetics in a graded way, while the number of cross-bridges involved in active cycling remains constant.
So far there have been few experiments that can distinguish these two possibilities. Previous measurements of the force-velocity relation only provided inconclusive results as to whether Ca2" affects cross-bridge turnover kinetics (4, 6 ).
X-ray diffraction studies of changes in the tropomyosin reflections upon activation (7) (8) (9) (10) do not distinguish whether the indicated movement of tropomyosin upon activation controls the number of turning-over cross-bridges or, alternatively, controls cross-bridge turnover kinetics.
In the present study, experiments were designed such that turnover kinetics and the number of turning-over crossbridges can be determined simultaneously. Measurements of the rate constant of force redevelopment after a period of isotonic shortening (11, 12) are complemented by measurements of force, stiffness, and ATPase activity during isometric contraction. With some simplifying assumptions, equations relating these four measured parameters to turnover kinetics and to the number of turning-over cross-bridges can be solved exactly (13) , and hence possible effects of Ca2+ concentration upon turnover kinetics can be distinguished from possible effects upon the number of turning-over crossbridges.
It is found that isometric force, stiffness, and ATPase activity are regulated by Ca2+ through changes in crossbridge turnover kinetics, whereas the total number of crossbridges involved in active cycling appears unchanged within experimental accuracy. However, for Ca2 activation levels below 25-30%o, changes in the number of cross-bridges involved in active cycling, in addition to the observed changes in turnover kinetics, cannot be ruled out. The major implications of Ca2+ regulation through turnover kinetics concern the interpretation of force-pCa (-log[Ca2 + ]) relations.
The characteristics of force-pCa relations (e.g., position and slope) can no longer be attributed directly to Ca2+ sensitivity and cooperativity of the regulatory protein system. A preliminary account of this work was previously presented (13) .
THEORY Correlations between physiological parameters and crossbridge turnover kinetics can be derived in analogy to the proposal of Huxley (1) , where a two-state model, including one force-generating state and one non-force-generating state, was assumed and where two rate constants (f and g) were defined to describe cross-bridge turnover between Abbreviation: pCa, -log[Ca2+].
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3266 Physiological Sciences: Brenner these two states. Although according to recent biochemical studies (e.g., refs. 14-16) each of these two states has to be replaced by a group of states, turnover of cross-bridges between these two groups of states can still be described by two rate constants, the apparent rate constantsf, and g corresponding to the rate constants f and g of Huxley (1).
The transition from the non-force-generating states to the force-generating states is characterized byfapp, whereas gapp describes the return to the non-force-generating states by means of ADP release and rebinding of ATP.
Assuming that the apparent rate constants for the reverse transitions,fa4pp and g -can be neglected under the conditions of the present stud', the following relations apply. The steady-state fraction of turning-over cross-bridges in the force generating 4tates (aFS) is given by aPFS = fapp/(app + gapp), [1] and isometric force F and isometric stiffness S of an examined fiber are given by F = n Ffapp/(fapp + gapp)
[2a] S = n Sfapp/(fapp + gapp), [2b] where n is the number of turning-over cross-bridges per half sarcomere of tho examined fiber, F is the mean force produced by a cross-bridge in the force-generating states, and Y is the mean stiffness of the cross-bridge in the force-generating states.
Assuming hydrolysis of one molecule of ATP per cycle, isometric ATPase of an examined fiber, measured as the production of Pi or ADP, is ATPase = n bfappgapp/(fapp + gapp), [3] where n is defined as in Eq. 2 and b is the number of half sarcomeres within this fiber.
Force redevelopment subsequent to isotohic shortening represents relaxation from the isotohic to the isometric steady-state distribution of cross-bridges between the two groups of states (12) . Thus, the rate constant of reapproaching isometric steady state force (krerev) is given by (17) kredev = fapp + gapp. [4] Note that kre4fv is independent of n.
MATERIALS AND METHODS Fiber Preparation and Solutions. All experiments were performed on skinned single-fiber segments of the rabbit musculus psoas major. The skinning procedure and the isolhtion and mounting of skinned single-fiber segments were previously described (18, 19 (20) . For inhibition of myokinase, 0.5 mM P',P5-di(adenosine-5')pentaphosphate was added during ATPase measurements. To allow for diffusion of enzymes into the contractile system prior to Ca2" activation, fibers were incubated for at least 15 min in the corresponding preactivating solution, which differed from the activating solution only in the free Ca2+ concentration. Mechanical Apparatus. Details of the mechanical apparatus, including laser light diffraction for measurement and servo-control of sarcomere length, were previously described (12, 18) .
Experimental Protocol. Isometric force, stiffness, and ATPase activity were measured while fibers were'eycled between isometric contraction and short periods of lightly loaded isotonic shortening. This procedure ensured excellent preservation of cross-striation even during prolonged full Ca2" activation (19) . This proved essential not onlylfor sarcomere length measurement by laser light diffraction but also for ATPase measurements, where, otherwise, ATPase activity became impaired at high levels of Ca2" activation, leading to a nonlinear relation between force and ATPase.
Fiber stiffness was measured during length changes (releases or stretches) applied to one end of the fibers. Apparent fiber stiffness was defined as the resulting slope when force is plotted vs. the change in sarcomere length recorded during the applied length changes. Changes in sarcomere length were measured by laser light diffraction. To avoid detection of possible cross-bridge attachment in the nonforce-generating states, the speed of length changes was adjusted to 1000-5000 nm per half sarcomere per second (12) .
To optimize the signal for ATPase measurements, segments of single fibers, =20 mm long, were incubated in troughs of 120 1.d. ADP production was usually assayed after incubation periods of 5-10 min, depending on the level of activation. Active ATPase was corrected for ATPase during relaxation, which after treatment with Triton X-100 and addition of 10 mM sodium azide to the experimental solution was less than the scatter of ATPase measurements at full
Ca2" activation (<l10%).
The time course of force redevelopment was studied subsequent to a period of isotonic shortening (Pig. 1A; refs. 11 and 12). To restore original filament overlap, fibers were restretched prior to the redevelopment of force ( Fig. 1A; refs. 11 and 12) . The rate constant of force redevelopment (kredeV) was determined from the slope when ln(Af) was plotted vs. time after restretch (Fig. 1C) , where AF is the difference between the isometric steady-state force and the instantaneous force during redevelopment. Because the time course of force redevelopment is sensitive to "internal" shortening of the fiber segment, for all measurements in the present study, sarcomere length of the center part of the skinned fiber segment was measured by laser light diffraction and held constant during the period of force redevelopment using a servo system (11, 12) .
RESULTS
To detect the possible effects of Ca2" on cross-bridge turnover kinetics, the time course of force redevelopment was recorded at different levels of Ca2 + activation. Original records at three Ca2" concentrations are shown in Fig. 1A .
In Fig. 1B (solid circles) , the rate constant of force redevelopment (kredev) is plotted vs. isometric steady-state force, measured at the various levels of Ca2+ activation. Fig. 1B shows that kredev increases with Ca2+ activation from about 1 s1 to 4.5 ± 0.4 sect (mean ± SEM; n = 9).
Assuming that the time course of force redevelopment following a period of isotonic shortening and immediate restretch to the original overlap is mainly determined by isometric cross-bridge turnover kinetics, the data of Fig. 1 (Fig. 1B, closed circles) , although the time course of phase 4 cannot adequately be described by a single exponential function (ref. 22 and unpublished results). This similarity makes it unlikely that two totally different processes determine kredev and phase 4, supporting the assumption that both are mainly determined by isometric turnover kinetics. These control experiments thus further strengthen the conclusion that the effect of Ca2+ upon kredev reflects the effect of Ca2" upon cross-bridge turnover kinetiCs (fapp + gapp).
To separate effects of Ca2+ activation upon fapp from effects upon gapp, isometric fiber ATPase and isometric force were recorded simultaneously ( Fig. 2A) . According to Eqs. 2a and 3, the ratio of isometric ATPase to isometric force equals b-gapp/F or the ratio of isometric ATPase to isometric stiffness equals b-g.pp/IS. The ratio of isometric stiffness to isometric force, which equals S/F (Eqs. 2a and 2b), remains approximately constant with the degree of Ca2+ activation (Fig. 2B) . It is unlikely that the effects of Ca2+ activation on Si and F exactly compensate each other. The linear relationship shown in Fig. 2B thus suggests that both S and F are not affected by Ca2t activation. On this basis, the approximately linear relation between ATPase and force ( Fig.  2A )* indicates that within experimental accuracy gapp is not significantly affected by Ca2+ activation. Thus, the changes in k1(dcV directly reflect the changes in fapp (Eq. 1).
In an earlier series of experiments analyzing the effect of MgATP concentration on isometric force, isometric stiffness, isometric ATPase, and kredev (e.g., ref. 7), we obtained an estimate for gapp at maximum Ca2 + activation. In several runsgapp was 1.05 ± 0.18 s-1 (mean ± SEM; 3 runs). This value, together with the ratio of ATPase to force, allows us to derive gapp at all levels of Ca2+ activation (see Fig. 3A ) without assumptions about the absolute number of turningover cross-bridges. Since at the different activation levels the ratio of ATPase to force remains constant within exper-*Previously, nonlinear relations between ATPase and force were reported (24, 25) . In these studies, in addition to the lack of ATP backup, no precautions were taken to avoid progressive structural disorder with increasing Ca2l activation. Both factors impair ATPase more than force (unpublished observations) resulting in nonlinearity in the ATPase-force relation. That the nonlinearity, at least in part, arises from these factors is further supported by the linear relation reported for the structurally more stable and slow rabbit soleus muscle (26) . (A) Effect (Fig. 3B) . The ratio of isometric force (Eq. 2a) over aFS (Eq. 1) equals nF. Since we can assume that F is unaffected by Ca2" (see Fig. 2B ), this ratio provides information about possible changes in with Cat+ concentration. In Fig. 3C , for the various levels of Ca2+ activation, this ratio is plotted against the observed isometric force. The increase in isometric force with Ca2+ activation at force levels above 25-30% obviously is only due to changes in cross-bridge turnover kinetics (fpp) while n remains approximately constant. At force levels below 25-30%, due to increasing scatter when plotting the ratio of progressively smaller values, it cannot be ruled out that, in addition to the changes in fapp, changes in the number of cross-bridges involved in active cycling could also contribute to the variation in isometric force, stiffness, and ATPase.
DISCUSSION
The major finding of the present study is the observation that Ca2+ affects the rate constant of force redevelopment (kredev) following a period of isotonic shortening with immediate restretch to the original filament overlap. (Fig. 1B) , another parameter thought to be sensitive to changes in cross-bridge turnover kinetics (22) . Such effects of Ca2+ on cross-bridge turnover kinetics, however, are unexpected on the basis of an all-or-none switching action of Ca2+, which only changes the number of cross-bridges involved in active cycling but not their turnover kinetics (4) .t The effect of Ca2+ on cross-bridge turnover kinetics is further specified using isometric steady-state parameters (i.e., tension, stiffness, arid ATPase activity) and their relations to cross-bridge turnover kinetics. The major implication of this further analysis is that Ca2" regulation of the isometric steady-state parameters is mediated through changes in turnover kinetics (fpp) while the number of cross-bridges involved in active cycling (n in Eqs. 2 and 3) remains approximately unchanged within experimental error. Due to increasing scatter when taking the ratio of progressively smaller data values, it is impossible to derive the behavior of n for activation levels below 25-30% of maximum activation. Thus, an on/off switching control (e.g., as one part of a dual mechanism of Ca2+ regulation) cannot be completely ruled out. However, it had to be restricted to at most the low levels of Ca2+ activation.
Regulation of muscle contraction through turnover kinetics does not require unusual kinetic schemes. It is rather a natural consequence of some recent kinetic schemes of the actomyosin ATPase cycle (e.g., ref. 28) if it is assumed that (i) the "turned on" and "turned off " forms of the regulated actin units are in a dynamic equilibrium with fast rate constants compared to cross-bridge turnover, (ii) this equilibrium is affected by Ca2+, and (iii) Pi release only occurs when cross-bridges are attached to the turned on form of actin. In terms of such kinetic schemes, it can be shown that if rate constants for the turning on and off of regulated actin units or for Ca2 + binding to troponin C are slow compared to cross-bridge turnover, the all-or-none recruitment mechanism will predominate. In contrast, fast rate constants will result in modulation of turnover kinetics.
The importance of distinguishing between Ca2 + regulation through recruitment and regulation through turnover kinetics is illustrated in Fig. 4 , where isometric force and the corresponding values of fapp are replotted against Ca2+ concentration (Fig. 4A) . The nonsymmetric sigmoidal forcepCa relation is characterized by a steeper slope and a higher "Ca2+-sensitivity" (pCa at half maximum) than the fapp7 tUsing sinusoidal length perturbations, Kawai et al. (27) concluded that Ca2' acts through a simple on/off switching action, with no significant effect on cross-bridge kinetics'. For curve-fitting purposes, these authors assumed no change in the characteristic frequencies with Ca2+ (i.e., no change in cross-bridge kinetics). However, inspection of their figure 2A reveals pCa relation. This suggests that with regulation through turnover kinetics Ca2'-sensitivity and slope of force-pCa relations do not directly correlate with Ca2' binding to the regulatory proteins. This is further confirmed in Fig. 4 B and C where force-pCa relations were calculated on the basis of the known fapp-pCa relation plotted in Fig. 4A . Assuming a constant normalized fapp-pCa relation, changes in fapp or gapp (i.e., changes in the fapp/gapp ratio) have characteristic effects on foree-pCa relations; increasing this ratio leads to an increase in apparent Ca2+ sensitivity and in slope (apparent cooperativity) although Ca2+ binding to regulatory proteins, as evidenced by the normalized fa--pCa relation, was not changed; Calculation shows that tese effects are the result of the nonsymmetricfapp-pCa relation and of Ca2à ffecting cross-bridge turnover kinetics. The demonstrated possibility of modulating force-pCa relations through changes infapp/gapp has several important implications. First, as it was already pointed out, force-pCa relations do not allow direct conclusions about affinity and cooperativity of Ca2+ binding to troponin C. Second, a high Hill coefficient of force-pCa relations does not necessarily indicate long-range cooperativity between a large number of Ca2'-binding sites located along the thin filaments but may simply be the result of a large fapp/gapp ratio. Third, the apparent inconsistency between the force-or ATPase-pCa relations and the Ca2+ binding to the low-affinity sites of troponin C (e.g., refs. 29 and 30) may be explained on the basis of Fig. 4 B and C) . Most importantly, however, any physiological or pharmacological intervention that affects thefap Igapp ratio can modulate the force-pCa relation in the way ilustrated in Fig. 4 B and C while Ca2+ binding to trdpotnin C is unchanged. For example, preliminary experiments suggest that the effect of myosin light chain-2 phosphorylation upon force-pCa relations (31) is due to an increase in fapp with phosphorylation. This illustrates that changes in turnover kinetics (fa /gapp) may represent a further mechanism, in addition to cganges in Ca2l binding to troponin C, for physiological or pharmacological modulation of the force-pCa relation (i.e., for modulation of contractile function). Modulation of contractile function by this mechanism may be of special significance in myocardium and smooth muscle.
I would like to thank my colleagues at the National Institutes of Health, especially Drs. E. Eisenberg and L. C. Yu, and also Prof. Dr. R. Jacob of the University of Tubingen for many stimulating discussions and comments on the manuscript. The work was supported by the Deutsche Forschungsgemeinschaft (Br 849/1-2).
